This paper moves one step forward to build a numerical model to research quantitative characterization and dynamic law for interlayer interference factor (IIF) in the multilayer reservoir which was heavy oil reservoirs and produced by directional wells. There are mainly four contributions of this paper to the existing body of literature. Firstly, an equivalent simulation method of the pseudo start pressure gradient (PSPG) is developed to quantitatively predict the value of IIF under different geological reservoir conditions. Secondly, the interlayer interference is extended in time, and the time period of the study extends from a water cut stage to the whole process from the oil well open to produce a high water cut. Thirdly, besides the conventional productivity interlayer interference factor (PIIF), a new parameter, that is, the oil recovery interlayer interference factor (RIIF) is put forward. RIIF can be used to evaluate the technical indexes of stratified development and multilayer co-production effectively. Fourthly, the effects of various geological reservoir parameters such as reservoir permeability and crude oil viscosity, etc. on the PIIF and RIIF's type curves are discussed in detail and the typical plate is plotted. The research results provide a foundation for the effective development of multilayer heavy oil reservoirs.
Introduction
As a short-term non-renewable fossil energy, petroleum resources are very im-portant to today's economic and social development, affecting all aspects of people's lives. The global oil resources can be divided into several types, such as low permeability reserves, heavy oil reserves, and medium and high-permeability sandstone rare oil reserves. Low permeability and heavy oil reserves account for a large proportion. Due to low fluidity (formation permeability divided by crude viscosity), it is difficult for the reserves of low permeability and heavy oil to flow in porous media, and many scholars' studies have proved the widespread existence of pseudo start pressure gradient (PSPG) in low permeability and heavy oil [1] [2] . The so-called PSPG refers to the flow of crude oil in porous media only when the pressure gradient is exceeded. Therefore, it is an important parameter to characterize the flow threshold of oil.
In the eastern part of China, there are mainly continental sandstone reservoirs, which are characterized by multiple development strata, thin reservoir and thick oil. Its reserves and output account for about 50% of the country. A large number of geological research results show that the sandstone reservoir in China has the length of oil well section and a large number of small layers [3] . There is a large difference in permeability between multiple and interlayer. This kind of reservoir usually uses the directional well to carry out several reservoir combination development. The main advantage of this method is large well controlled reserves and high degree of reserves utilization. But at the same time, there are also obvious defects, such as serious interlayer interference, and with the production, interlayer interference is more and more serious. Therefore, the study of the subdivision sequence in the later stage of oilfield development becomes an important content of oilfield adjustment.
The heterogeneous multi-layer oilfield is composed of several or even dozens of oil layers, some of which have high permeability and low permeability. In water injection, high permeability, medium permeability and low permeability reservoirs are different in water absorption capacity, water line propulsion speed, formation pressure, oil recovery speed, water flooding and so on, so it may cause the interlayer interference [4] [5] . According to the multi wells stratified productivity test of sandstone reservoir, it is shown that the production fluid index is far less than that of the separate oil production. Interlayer interference coefficient is an important parameter to confirm the limits of layer series combination and productivity evaluation. However, interlayer interference coefficient is difficult to decide because the parameter used for calculating is hard to acquire. Then interlayer interference coefficient empirical value is usually used and some uncertainty is involved. Many scholars have studied the problem of interlayer interference. At present, the research mainly focuses on three aspects: theoretical derivation, physical experiments and numerical simulation.
Wu Sheng et al. [6] put forth for the first time a concept of critical permeability grade ratio for hydrocarbon injection, which based on the physical simulation experiments and the statistical analyses of practical data from oilfields. They found that when the permeability differential reaches a certain value, the fluid will be shielded along the high permeability layer, and the residual oil is formed, which seriously affects the efficiency of water flooding and the recovery of oil field [7] [8] [9] . Yu Huili et al. [10] qualitative analysis the main controlling factors of interlayer interference at different water cut stages, with the application of various data of dynamic production, coring inspection chamber, log interpretation data and fined reservoir research. Xian Bo et al. [11] obtained the degree of interlayer interference, technical countermeasures of eliminating the interference and corresponding technical chart for commingled production in thin reservoirs by using dual model without interlayer channeling, numerical simulation and analysis of single and orthogonal factors. However, the effect of different pressure coefficient and formation permeability is only considered. Wang Shibo et al. [12] [14] proposed a new concept of interlayer dynamic interference, and established a mathematical model for the quantitative characterization of the dynamic interference coefficient between layers. The quantitative relationship between the dynamic interference coefficient of the multi-layer combined production sandstone reservoir and the water content of the longitudinal layers, the permeability and the pressure difference of the combined production pressure is deduced by the seepage theory. However, the research only analyzed the influence of formation permeability and formation crude viscosity on production capacity interference factor (PIIF), the oil recovery interference factor (RIIF) is not analyzed.
At present, the main research method of interlayer interference is the stratified productivity test of oil well. The advantage of this method is that it can get first-hand information of interlayer interference, and its disadvantage is high cost. Therefore, usually the test data are few, and from the test itself, we cannot understand the interference factors and their change rules. In addition, in addition to the difference in physical property, the difference between the pressure and water content of the longitudinal layers is becoming more and more, and the interference is further aggravated. Huang Shijun et al. [15] quantitatively characterized the interlayer interference in multilayer commingled production of ordinary offshore heavy oil reservoirs, and established an appropriate productivity prediction method of directional wells for multilayer commingled production of ordinary heavy oil reservoirs based on the physical experiment of visible multi-tube water flooding. They get an interesting conclusion that interlayer interference is mainly controlled by vertical reservoir permeability difference, and World Journal of Engineering and Technology proposed that it can be comprehensively characterized by reservoir reference permeability, permeability contrast and permeability deviation.
At the same time, the reservoirs with multilayer water injection have the problems of injection water quick braking through and low oil recovery in water-free oil production period, and the middle and high water cut period become the main oil producing period [16] . Therefore, it is very important to determine the influence of interlayer interference on oil well productivity at different water cut stages, especially in middle and high water cut period. Considering the characteristics of short production years and high development cost of offshore oil fields [17] , it is of great significance to accurately evaluate the productivity of oil wells, to reasonably divide the development layer, and to take the corresponding technical countermeasures to eliminate or reduce the impact of interlayer interference on the efficient development of offshore oil fields.
All of these previous works laid a solid foundation for later research. However, these works were not focused on pseudo start pressure gradient (PSPG). These previous models are no longer applicable for heavier oil with PSPG. In recent years, pioneer works were conducted on the flow behaviors of heavy oil with PSPG. Wang Shoulei et al. [18] proposed a new method to determine interlayer interference coefficient by considering PSPG in reservoir simulation. Based on the consideration of periodicity and dynamic characteristics, Xu Jiafeng et al. [19] established the dynamic interference mathematic model of multilayer commin- 
Methods and Models

Definition of Interference Coefficients
To better characterize the interference, three interference coefficients can be defined as follows:
The physical significance of the interference coefficient is the degree to which the overall fluid productivity and oil production capacity of the multi-layer well are reduced by interlayer interference under the same water-cut condition when mingled injection and production.
Establishment of Numerical Model Considering Pseudo-Start-Up Pressure Gradient
The numerical model is available by the ECLIPSE reservoir simulator, which is shown in Figure 1 . In addition, the grid system is 31 × 31 × 12 and the corres- is the upper layer, the 6 th layer is the mudstone interlayer, the 7 -11 th layer is the lower layer, and the 12 th layer is the mudstone interlayer. In the model, the water is injected by directional well I1 located in the center of left, and the production well P2 located in the center of right, which can be seen as a quarter of the reverse five point pattern.
The PSPG of heavy oil can be simulated by the following method. If the threshold pressure between the two equilibrium partitions is set up as the pseudo start pressure (the product of the PSPG and the mesh size), the equivalent simulation of the PSPG can be achieved [20] . The equivalent simulation of the PSPG using the THPRES keyword is divided into two steps. First, the balance partition of the grid is set up, and second the threshold pressure between the different Luo Xiaobo et al. [21] used sand filling pipes for physical simulation experiments in 3 heavy oil fields in Bohai sea area (crude oil viscosity 49.2 -135.0 mPa•s) and the main oil sands (permeability 632 -3265 mD). According to the reference [21] , the relationship between PSPG and fluidity obtained through regression was as follows:
Taking the first layer as an example, the permeability of this layer is 10,000 mD, and the viscosity of crude oil is 300 mPa•s. The calculation results by formula (4) show that the PSPG is 0.00585 MPa/m. Due to the grid size is 5 m, so the threshold pressure between adjacent zones is 0.029 MPa.
Validation of Model Prediction Results
Based on the geological reservoir parameters of the S heavy oil reservoir in Bohai oilfield, a homogeneous geological model is established, and the comparison between the interlayer interference coefficient of the 5 wells in the S reservoir and the field test results is calculated [15] , as shown in Table 1 . It can be seen from Table 1 that the inter-layer interference coefficient obtained by considering the PSPG is consistent with the field test results as shown in Figure 2 , which verifies the correctness of the model and the adopted method in this paper. 
Program Design and Research Results
In this paper, the effects of formation permeability and oil viscosity on interlayer interference are considered.
For the study of formation permeability, the viscosity of formation oil is constant at 300 mPa•s, and the permeability of upper reservoir is constant at 10 µm Table 2 .
Discussion
Formation Oil Viscosity
For the oilfield in initial production period, the production capacity is mainly World Journal of Engineering and Technology affected by the static parameters of the geological reservoir. Therefore, this paper focuses on the influence of the formation permeability and the oil viscosity under formation conditions on the interlayer interference.
Specific Productivity Index
Specific productivity index (SPI) is an important indicator to measure the daily oil production capacity of the reservoir. The physical significance of this index is the daily oil production capacity per unit reservoir thickness per unit pressure difference. The larger the value, the stronger the oil production capacity of the oilfield. In case of Max/Min = 5, the variation law of the SPI with production time is shown in Figure 3 .
It can be seen from Figure 3 (a) that the change of SPI can be divided into three stages when producing the lower oil layer (with formation oil viscosity 60 mPa•s) separately. The first stage, the stable production stage at the initial stage of production, and the SPI is constant. In the second stage, rapid decline stage, after two months of production, the SPI decreased from 4.9 to 2.2, with a decline amplitude of 55%. The third stage, slow decline stage, slow decline of SPI. When producing the upper oil layer (with formation oil viscosity 300 mPa•s) separately, the SPI is nearly constant. So, when the two layers are produced combined, SPI presents the same periodic characteristics as that of producing lower reservoir separately. For water production, it can be seen from Figure 3 higher SPI, while the upper reservoir has a lower SPI. With the development of production, the PIIF decreases gradually. When the injected water breaks through to the production well along the main line of the lower reservoir, the SPI of the lower reservoir begins to reduce greatly. As the breakthrough became more and more serious, the SPI in the lower oil layer began to decline slowly. Therefore, the curve of PIIF shows two distinct stages. In the first stage, before the injected water breaks through the production well, the PIIF drops slowly. In the second stage, after the injected water broke through the production well, the disturbance coefficient was basically stable around a certain value.
Specific Productivity Index Interference Factor
Oil Recovery Degree Interference Factor
The PIIF is mainly used for the judgment of a certain stage, while for the evaluation of the entire development stage, another parameter, RIIF is more effective. 
For different development methods (commingled production and separated production), the ultimate recovery degree of the whole reservoir is different. It can be clearly seen from Figure 6 (b) that, with the increase of crude oil viscosity extreme difference, the oil recovery of commingled production changes slightly, while that of produce layer by layer significantly increases. Figure 7 shows the relationship between the RIIF and the Max/Min oil viscosity. As the Max/Min viscosity increases, the RIIF increases in logarithmic form.
When the Max/Min is less than 5, the increase speed is faster. When the Max/Min is between 5 and 10, the increase rate becomes slow. When the Max/Min is greater than 10, the RIIF is stable at about 30%. Therefore, in order to obtain a better development effect, it is recommended to conduct stratified mining when the Max/Min viscosity is greater than 5.
Formation Permeability
Specific Productivity Index
It can be seen from Figure 8 production, and the SPI is constant. In the second stage, rapid decline stage, after two months of production, the SPI decreased from 4.0 to 2.8, with a decline amplitude of 30%. The third stage, SPI declines slowly. When producing the lower permeability oil layer separately, the SPI is nearly constant. So, when the two layers are produced combined, SPI presents the same periodic characteristics as that of producing upper reservoir separately.
As shown in Figure 8(b) , the greater the difference of formation permeability, the earlier the water injection breakthrough time. Correspondingly, the earlier the water breakthrough in the upper reservoir, the earlier the inflection point appears in the PIIF. In this model, for the case of max/min = 5, there are two peak points, one occurs after produce 50 days, with the PIIF of 56.7%, and the other occurs after produce 150 days, with the PIIF of 60.2%. This characteristic is corresponds to the periodic change of oil saturation field, which has been showed in Figure 9. Figure 10 is the figure of oil recovery degree varied with max/min formation permeability of commingled production. It can be seen from Figure 10 It can be clearly seen from Figure 10 (b) that, with the increase of formation permeability extreme difference, the oil recovery of combined mining changes from 30.0% to 15.4%, while that of single mining significantly increases at first, and decreased to the same value after max/min formation permeability larger than 12. Figure 11 shows the relationship between the RIIF and the Max/Min permeability, and can be regressed as: 
Oil Recovery Degree Interference Factor
As the Max/Min permeability increases, the RIIF presents the characteristics of two stages. When the Max/Min is less than 5, the increase speed is faster.
When the Max/Min is higher than 5, the RIF begins to decrease. The main reason is that with the decrease of formation permeability, the starting pressure gradient of low permeability layer increases continuously and the seepage resistance increases, leading to the injection water breakthrough along the high permeability layer with relatively small seepage resistance, resulting in low water flooding sweep coefficient of low permeability layer. When the max/min formation permeability is greater than 5, the recovery degree of low permeability layer is only 4.8%. When the max/min formation permeability is greater than 10, the recovery degree of low permeability layer is only 1.4%. Therefore, in order to obtain a better produce effect, it is recommended to conduct stratified mining when the Max/Min viscosity is greater than 5.
Strengths and Limitations
The innovation of this paper is that by establishing the numerical simulation Figure 11 . Oil recovery degree interference factor (RIIF) varied with max/min formation permeability.
model considering the PSPG of heavy oil, the variation law of the interference coefficient between the two reservoirs with different crude oil viscosity and different permeability differences is successfully simulated. At the same time, in order to more accurately judge the influence of combined mining and separate mining on the oilfield development effect, the concept of RIIF is defined, which makes up for the insufficiency of the PIIF which only represents the value of a certain stage, and represents a final effect. Through the study, we get the limit of using the reservoir with high seepage resistance under different conditions. The results of the study provide a selection condition for the selection of multi-layer sandstone reservoir for the development of stratified system, especially for the design of oilfield development scheme.
Although some achievements have been made in this paper, there are still some areas for further study. For example, the study in this paper is based on the homogeneous model without considering the effect of in-layer plane heterogeneity. It can be speculated that, for planar heterogeneous reservoirs, the law of water injection breakthrough is different from that of homogeneous reservoirs, which may lead to the difference of interlayer interference coefficient. However, this does not affect the general understanding of the interference coefficient and interference law of two-layer heavy oil reservoirs.
Conclusions
Through efforts, this paper aims at the problem of dynamic rule and quantitative description of interlayer interference in the co-production of heavy oil reservoirs, and obtains several important understandings, which are as follows:
1) A novel equivalent simulation method of the pseudo start pressure gradient (PSPG) is developed to quantitatively predict the value of PIIF. The interlayer interference is extended in time, and the time period of the study extends from a water cut stage to the whole process from the oil well open to produce a high water cut.
2) Based on the conventional production capacity interference factor (PIIF), a new parameter, that is, the oil recovery interference factor (RIIF) is put forward.
RIIF can be used to evaluate the technical indexes of stratified development and multilayer co-production.
3) The effects of various geological reservoir parameters such as permeability, crude oil viscosity, etc. on the PIIF and RIIF's type curves are discussed in detail. The PIIF and RIIF under different range conditions are plotted. In order to obtain a better development effect, it is recommended to conduct stratified mining when the Max/Min viscosity is greater than 5 or the Max/Min permeability is greater than 5.
